Abstract -Gas chromatography used to calculate the specific retention volume of several hydrocarbons in different chromatographic liquid phases (Squalane, Carbowax-400, Carbowax-1500, Carbowax-4000, Amine-220, Dinonyl phthalate, Tributyl phosphate and Trixylenyl phosphate). Some thermodynamic parameters, such as enthalpy of sorption and Flory-Huggins parameters relating the interaction between liquid phases and solutes, were also calculated from the determined retention volumes. Liquid phase solubility parameters of Squalane, Carbowax-400, Carbowax-1500 and Carbowax-4000 at 80 ºC as well as the polar and apolar components were calculated too. A new model was proposed to correlate polar contribution to the solubility parameter of a liquid phase with the specific retention volume of a solute in this liquid phase.
INTRODUCTION
Gas chromatography is an appropriate tool for characterizing bulk solvent or surface interactions of solutes with substances that can be coated as liquid films (or particle layers) on chromatographic supports or the walls of open tubular columns (Abraham et al., 1999) . Only small amounts of material are required and physicochemical properties can be determined over a wide temperature range when allowed by the physical properties of the materials.
The chromatographic experiment provides a retention parameter, such as specific retention volume, that requires a model to express the results in a suitable form for interpretation of material properties. The solubility parameter concept is widely used because it provides a rough and ready approximation of solubility behaviour. It may be used directly, as in the classification of stationary phases, or indirectly to obtain quantitative structurebehaviour relationships, such as the relationship between polarity and relative volatility (Everson and Van der Merwe, 1998) , which could be very useful in separating two solutes with very close boiling points. This is the purpose of extractive distillation, a separation process often considered as an alternative to conventional distillation.
In extractive distillation, a high boiling point solvent is introduced into the column in order to produce an alteration of the key relative volatility of each component (Vega et al., 1997) . Owing to large deviations from ideality of the extractive distillation systems, the best solvent cannot generally be selected from pure components properties only. At least in a preliminary stage, the appropriate solvent for a given separation can be selected based on selectivity at infinite dilution, defined as the ratio of the activity coefficients of both components at infinite dilution in the solvent. An efficient extractive distillation solvent must have not only high selectivity, but also sufficient capacity or solvency for to have a good performance in the distillation process. The pattern of selectivity-solvency can aid in the reliable choice of solvents having the best balance of these properties, although other factors, such as solvent cost and availability, solvent thermal and chemical stability, corrosion, etc, must be taken into account (Vega et al., 1997) . The infinite dilution activity coefficient for a given solute can be used to characterize the solvent capacity or solvency (Deal and Derr, 1964) .
The main purpose of this work is to obtain the solubility parameter for different combinations of hydrocarbons and liquid phases, a topic that has been extensively studied since the seventies (Letcher et al., 2001 (Letcher et al., , 2004 . The aim of this work is to develop a simple model for obtaining a correlation between the retention volume for hydrocarbon series and the polar contribution to the solubility parameter.
THEORY
The retention data determined by chromatography experiments were used to calculate the thermodynamic functions of solute dissolution in the solvents as well as solubility parameters.
The retention volume of the solute depends on its partition between the stationary and mobile phase and is an indication of the bonding strength between the solute molecule and the liquid phase. It is defined as the volume of dry carrier gas necessary to elute the solute sample at 0 ºC per gram of stationary liquid phase. The specific retention volumes were determined by the following equation:
where t R is the retention time in minutes; t d , the dead time (min); F, the carrier gas flow-rate (ml/min); T o , the flow meter temperature (K); w s , the mass of the stationary phase (g); p o , the outlet column pressure (Pa); p w , the vapor pressure of water at the flow meter temperature (Pa); and j, the James-Martin compressibility factor (which takes into account the pressure profile in the column) defined as
where p i is the pressure at the beginning of the chromatographic column. The retention volumes are related to the activity coefficients. These coefficients at infinite dilution are an important property, which is used for the selection of selective solvents (extraction and extractive distillation) and for the reliable design of thermal separation processes. More concretely, the influence of the solvent is usually quantified in terms of its so-called selectivity, which is defined as the ratio of the activity coefficients of two components in the presence of the solvent. The activity coefficients of solute 1 at infinite dilution in solvent 2, γ 1 ∞ , were determined from the specific retention volume, V 0 g, by the following equation, (Weidlich et al., 1987; Vega and Coca, 1991) :
where M 2 is the molecular weight of the liquid phase; P 1 o , the saturated vapour pressure of the pure solute; B 11 , the second virial interaction coefficient of the solute; and R, the gas constant. Vapour pressures were calculated using the Antoine equation, and B 11 was estimated from the BeattieBridgeman correlation (Alessi et al., 1978) :
where V c and T c are the critical volume and temperature of the solute, respectively, values which were obtained from the literature (ESDU, 1987) . Likewise, also related to the specific retention volume is the molar heat (entalphy), ∆H S 1 , of sorption of the probe in the stationary phase. This parameter relates the absolute temperature (K) and the specific retention volume, in accordance with the following equation, (Kaya et al., 2002) : The activity coefficient is commonly expressed as the contribution of two effects: the thermal contribution, γ t ∞ , resulting from molecular interactions of the compounds, and the athermal contribution, γ a ∞ , associated with the difference in size between the solute and solvent molecules:
The interaction parameter, χ ∞ , is related with ln γ 1 ∞ by subtracting the Flory-Huggins size correction:
where r is approximated as the molar volume ratio of solvent to solute. The size correction is usually taken as the value of ln γ a ∞ . The interaction parameter redefined as "residual" free energy involves the enthalpy and entropy effects
and from the regular solution theory
The solubility parameter is widely used to give a rough and ready approximation of solubility behaviour. The solubility parameter of the solute, δ 1 , is the square root of the cohesive energy density of a compound and thus is a measure of the strength of its intermolecular forces (Hildebrand and Scott, 1962) . It is related to the enthalpy of vaporization, ∆H vap , and the molar volume, V 1 o , by
Substituting Eq. (8) into Eq. (9) , the solubility parameter of the stationary phase, δ 2 , can be calculated
A plot of the left side of Eq. (11) against the probe solubility parameter, δ 1 , a straight line with a slope of 2δ 2 /RT is obtained. This approach has been applied to a wide range of materials including polymers (Hamedi and Danner, 2001) , organic pollutants (Voelkel and Kopczynski, 1998) , chromatographic stationary phases (Vega and Coca, 1991) and biological materials (Pena et al., 2000) as well as electrokinetic chromatographies (Liu et al., 1999) .
The effect of polar interactions can be approached by dividing the solubility parameter into thr different contributions. The interaction energies could be considered as additive contributions from dispersion and polar interactions:
where λ represents the non-polar (due to dispersive forces between molecules and stationary phase) and τ , the polar component of the solubility parameter.
The polar component, τ, may be subdivided into an electrostatic part (due to electron density of the chemical structure), δ p , and a hydrogen bonding part, δ H . Probes interacting only with dispersive intermolecular forces (i.e. n-alkanes) should give a linear relation when plotted in accordance with Eq. (11). However, solutes with other contributions to their retention will deviate from the line, with the degree of deviation being a measure of the strength of the polar components.
EXPERIMENTAL SECTION
A Hewlett-Packard gas chromatograph 5750 equipped with a thermal conductivity detector was used for this study. Stainless steel columns (1.5 m × 5.3 mm i.d.) were used for the measurements, which were made using helium as the carrier gas. The solid support used was a Chromosorb P-AW (60/80 mesh) loaded with 15 % (w/w) of the liquid phase under investigation. The packing material was prepared by coating with a solution of the liquid phase in a solvent (dichloromethane) in a two-neck open flask and boiling the solution for 30 minutes with total reflux. The effect of bubbling was enough to obtain an appropriate impregnation (Vega and Coca, 1991) . Then, the solvent (dichloromethane) was evaporated from the same flask. Packing was kept for 12 hours at a fixed temperature (lower than the boiling temperatures of the liquid phases -Table 1 -in order to avoid their evaporation) and purged with a slow stream of nitrogen. After this, the column was prepared and mounted in the chromatographic oven.
The flow rate was 30 cm 3 /min, and it was measured using a calibrated soap bubble flow meter.
Preliminary tests with variable amounts of sample showed that up to 2 µL, the retention times obtained did not depend on sample volume. For this reason, the injection sample was always less than 2 µL. The elution peaks were only slightly asymmetric, which is a good indication of infinite dilution conditions (Conder, 1969) .
Solutes (hydrocarbons) were reagent grade from Fluka; purities and other information for these compounds are given in Table 1 . The liquid phases used as well as their manufacturers are listed in Table 2 . In order to minimize the bleeding of the column, a presaturator containing packing coated with the liquid phase was connected between the carrier gas regulator and the injection point to saturate the carrier gas with the liquid phase. 
RESULTS AND DISCUSSION
The specific retention volumes, V g 0 , of the solutes calculated in accordance with Eq. (1) and activity coefficients at infinite dilution, γ ∞ , calculated in accordance with Eq. (3) are given in Tables 3 to 10.  As shown in Tables 3 to 10 , values of V g 0 increase with the molecular weight of each group of solvents with an elution order from a smaller to a larger number of carbon atoms for each homologous solute series.
The behaviour of alkenes and n-alkanes is similar, as can be observed in Figs. 1 and 2. In both cases the V g 0 parameter decreases with operation temperature (reasonable, considering that this parameter is characterised by an exothermic equilibrium process) and increases as the solute molecular weight increases (higher molecular weight results in a higher boiling point and a higher affinity for condensed phases).
For the polarity of the liquid phases, this parameter decreases in the order C-400 > C-1500 > C-4000 > TBP > TXP > A-220 > DP > SQ, so Carbowax-1500 was taken as representative of high polarity solvents, whereas Amine-220 was been taken as an example of low polarity solvents. Hence, it can be observed that both, n-alkanes and alkenes have higher affinity for the less polar solvent. In the case of alkenes this result and the likeness of the general behaviour between the alkenes and n-alkanes studied, lead one to think that the absorption properties of these alkenes are controlled by the bulk organic structure, rather than by the presence of the double bond. For the aromatic compounds ( Fig. 3 and 4) , a more similar behaviour between highly polar and lowly polar liquid phases was found, suggesting a selective interaction of the aromatic with the polar groups of the liquid phase. In the case of cycloalkanes, this selective interaction was lower (the difference in the interaction strength increases again). In both cases, the presence of methyl groups increased the interaction of the solutes with the active phases. This increase was more important for aromatic compounds and was supposedly caused by the increase in the electronic density, and hence the polarity, of the aromatic compounds. Activity coefficients at infinite dilution for squalane were less than one; these low values suggest low solution enthalpies for the methyl-alkane interactions, as found by Langer et al. (1982) . It can also be observed that this value increased as the size of solute increased. This can be explained by the parallel arrangement between the solute and the solvent, so small molecules were closer to the solvent, thus having stronger interactions than larger molecules. For the polar liquid phases, it can be observed that alkenes and especially aromatic hydrocarbons were retained with higher selectivity than alkanes, this behaviour being explained by the fact that alkanes experience less polarization. On the other hand, it can also be observed that the solubility of alkanes decreased as the molecular mass of the liquid phase (Carbowax) increased, with this effect being more marked for aromatic compounds than for alkanes and alkenes (Tables 5-7) . Due to the electronegativity of the O atom, the C-O bond has a dipole moment, and this polarity is determined by the conformations adopted by chain segments. The global structure of the chain is correlated with polar interactions with other molecules, the strength of the bond between liquid phase and solute increasing as the freedom of the C-O bond increases (González et al., 2002; González and Pérez-Parajon, 2003) .
Values of interaction parameter at infinite dilution, χ ∞ , obtained with Eq. (5) (Table 11) as well as values of solubility parameter of solute, δ 1 , obtained with Eq. (10) were used in Eq. (11) to calculate δ 2 . It had already been established that, when χ ∞ was lower than about 0.5, the liquid phase and the solute were compatible, whereas when χ ∞ was greater than about 0.5, solvent-solute interactions were unfavourable (Abraham et al., 1999) . The solubility parameter of the stationary phase, δ 2 , was determined from the slope of a straight line obtained by plotting the left-hand side of Eq. (11) versus δ 1 ; an illustration of the method employed is shown in Fig. 5 for Squalane. The solubility parameters, δ 2 , for Squalane, Carbowax-400, Carbowax-1500, Carbowax-4000 and Amine-220 are listed in Table 12 . According to Eq. (12), probes that interact only with dispersion intermolecular forces (i.e. n-alkanes) should give a straight linear relationship when plotted in accordance with Eq. (11) (Fig. 5) . However, probes that have other contributions to their retention will deviate from the line, with the degree of deviation being a measure of the strength of the polar components. Typical plots are depicted in Fig. 6 , with the difference between the n-alkanes and alkenes being clear in these plots. The contributions to δ 2 for the compounds studied are given in Table 12 .
Although values of the specific retention volumes are found in the literature, solubility parameters are not often reported. To obtain the specific retention volume dependence on the solubility parameters for the systems studied here, values of V g 0 for a solute are plotted vs. values of τ for the different liquid phases studied in this work. As can be observed in Fig. 7 , an exponential trend can be inferred from these plots, so these plots can be linearized by an equation of the following type:
where a and b are parameters for each hydrocarbon and are linear functions of the number of carbon atoms, N, within a homologous series (correlation coefficient, r 2 , of 0.996 and 0.98 for alkanes and alkenes, respectively). The equations for parameters a and b are shown in Table 13 .
An examination of Eq. (13) may give indications about the retention of a solute in a liquid phase and some conclusions can be drawn: (i) A solute will have approximately the same retention volume in any non-polar liquid phase and (ii) a solute will have approximately the same retention volume in any liquid phase with the same polar solubility parameter. Hence, the polar solubility parameter τ 1 is a useful parameter for classifying and selecting liquid phases for a given separation. 
CONCLUSIONS
Retention data obtained by gas chromatography was used successfully for calculating the polar solubility parameter of a given liquid phase. Results obtained for different liquid phases and solutes were compared in terms of specific retention volumes and activity coefficients.
This work shows that values of solubility parameter, δ, involving the polar and apolar contributions (τ and λ, respectively) can be estimated from specific retention volume, V g 0 . This parameter is related with the relative volatility, which determines the distribution of components between different phases (Everson and Van der Merwe, 1998) .
